The effects of the inorganic medium components, the initial pH, the incubation temperature, the oxygen supply, the carbon-to-nitrogen ratio, and chloramphenicol on the synthesis of cyanophycin (CGP) by Acinetobacter calcoaceticus strain ADP1 were studied in a mineral salts medium containing sodium glutamate and ammonium sulfate as carbon and nitrogen sources, respectively. Variation of all these factors resulted in maximum CGP contents of only about 3.5% (wt/wt) of the cell dry matter (CDM), and phosphate depletion triggered CGP accumulation most substantially. However, addition of arginine to the medium as the sole carbon source for growth promoted CGP accumulation most strikingly. This effect was systematically studied, and an optimized phosphate-limited medium containing 75 mM arginine and 10 mM ammonium sulfate yielded a CGP content of 41.4% (wt/wt) of the CDM at 30°C. The CGP content of the cells was further increased to 46.0% (wt/wt) of the CDM by adding 2.5 g of chloramphenicol per ml of medium in the accumulation phase. These contents are by far the highest CGP contents of bacterial cells ever reported. CGP was easily isolated from the cells by using an acid extraction method, and this CGP contained about equimolar amounts of aspartic acid and arginine and no detectable lysine; the molecular masses ranged from 21 to 29 kDa, and the average molecular mass was about 25 kDa. Transmission electron micrographs of thin sections of cells revealed large CGP granules that frequently had an irregular shape with protuberances at the surface and often severely deformed the cells. A cphI::⍀Km mutant of strain ADP1 with a disrupted putative cyanophycinase gene accumulated significantly less CGP than the wild type accumulated, although the cells expressed cyanophycin synthetase at about the same high level. It is possible that the intact CphI protein is involved in the release of CGP primer molecules from initially synthesized CGP. The resulting lower concentration of primer molecules could explain the observed low rate of accumulation at similar specific activities.
Cyanophycin, which is also referred to as cyanophycin granule polypeptide (CGP), is a branched nonribosomally synthesized polypeptide consisting of about equimolar amounts of aspartic acid and arginine. This copolymer consists of a polyaspartate backbone, and arginine residues are linked to the ␤-carboxyl group of each aspartic acid by their ␣-amino groups (44) . Purified CGP can be chemically converted to a derivative with a reduced arginine content or even to poly(aspartic acid) (19) . The latter is produced by the chemical industry as a biodegradable substitute for nonbiodegradable polyacrylic acid (5, 39) , which is used for many technical and medical applications (19, 35, 39) . CGP occurs as insoluble inclusions in the cytoplasm and serves as a storage compound for carbon, nitrogen, and energy (24, 25) . CGP is insoluble in water at physiological pH and is soluble under acidic (pH Ͻ2) or alkaline (pH Ͼ9) conditions (23) . The molecular mass of CGP ranges from 25 to 100 kDa, as estimated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. It is not affected by proteases, such as pronase, pepsin, chymotrypsin, ␣-or ␤-carboxypeptidase, leucin aminopeptidase, and clostripeptidase B (34, 44, 45) . However, CGP is susceptible to hydrolysis to Asp-Arg dimers by cyanophycinases. Intracellular cyanophycinases (CphB) are involved in mobilization of this storage compound (24, 31, 34) , whereas extracellular cyanophycinases (CphE) degrade CGP released upon lysis from other cells (27, 28) .
The key enzyme of CGP biosynthesis in cyanobacteria is cyanophycin synthetase (CphA). This enzyme covalently links the aspartate and arginine residues in a consecutive step-bystep reaction and is strictly dependent upon ATP, Mg 2ϩ , and a CGP primer (8) . The corresponding cyanophycin synthetase structural genes (cphA) have been cloned from several cyanobacteria, such as Anabaena variabilis ATCC 29413, Anabaena sp. strain PCC7120, Synechocystis sp. strain PCC6803, Synechocystis sp. strain PCC6308, Synechococcus elongatus, and Synechococcus sp. strain MA19 (1, 8, 16, 29, 48) . Cyanophycin synthetases have also been heterologously expressed in several heterotrophic bacteria, such as Escherichia coli, Ralstonia eutropha, Corynebacterium glutamicum, and Pseudomonas putida (3) . This enabled production of CGP at a technical scale and allowed isolation of large amounts of the polyamide so that physical and material properties of this interesting biopolymer could be revealed (14) . However, highperformance liquid chromatography (HPLC) analysis revealed that the hydrolyzed CGP isolated from recombinant bacteria contained, in addition to aspartate and arginine, approximately 10% lysine, which partially replaced arginine (2, 29, 48) .
CGP was first discovered by Borzi (10) in cyanobacteria, and microbiology textbooks mention it as a polymer that exclusively occurs in cyanobacteria (37) . However, recently, the occurrence of genes encoding proteins homologous to cyanobacterial cyanophycin synthetases has been described for other eubacteria not belonging to the cyanobacterial group, such as Acinetobacter sp., Bordetella bronchiseptica, Bordetella pertussis, Bordetella parapertussis, Clostridium botulinum, Desulfitobacterium hafniense, and Nitrosomonas europaea (20, 49) . It was also shown that the cphA genes of Acinetobacter calcoaceticus strain ADP1 and D. hafniense encode functionally active enzymes and that cells of Acinetobacter accumulated CGP when they were cultivated under phosphate-limiting conditions, albeit at low levels (up to 1.4% [wt/wt] of the cell protein content) (20) . The functionality of D. hafniense CphA was studied only in recombinant E. coli (49) . When the Acinetobacter cphA gene was cloned and expressed in E. coli, a cyanophycin synthetase activity of 1.2 U per mg of protein was measured, and CGP accounted for up to 7.5% of the cell dry matter (CDM) (20) . Interestingly, the CGP produced in recombinant E. coli or obtained by in vitro synthesis by using the purified enzyme of A. calcoaceticus did not contain any detectable lysine, indicating that the A. calcoaceticus cyanophycin synthetase exhibits much higher substrate specificity than other cyanophycin synthetases exhibit (21) . It is also worth mentioning that downstream of cphA a gene that putatively encodes a cyanophycinase (cphI) was detected in the Acinetobacter genome (20) . The genes for CphA and CphB are also clustered in many cyanobacteria, but with cphB preceding cphA. This study was aimed at evaluating the limits of cyanophycin synthesis and accumulation in A. calcoaceticus strain ADP1.
MATERIALS AND METHODS
Bacterial strains, plasmids, DNA fragments, and cultivation conditions. All bacterial strains, plasmids, and DNA fragments used in this study are listed in Table 1 .
A. calcoaceticus strain ADP1 was cultivated at 30°C in complex Luria-Bertani (LB) medium (36) or in a Tris-HCl-buffered mineral salts medium (MSM) as described by Krehenbrink et al. (20) per liter, and 6 mg of NaCl per liter. The composition of this medium was changed as described below to study the effects of phosphate, ammonium, sulfate, carbon source, nitrogen source, carbon-to-nitrogen ratio, or effectors on cyanophycin accumulation. Cultivation was done in Erlenmeyer flasks, which were agitated on shakers at 130 rpm with a horizontal amplitude of about 5 cm.
E. coli was grown at 37°C in LB medium. Growth of all bacterial strains was monitored by measuring the turbidity at 600 nm.
Determination of cell dry matter. For determination of bacterial CDM, a known volume of a culture was centrifuged with a bench centrifuge at 3,500 ϫ g and 4°C. The supernatant was carefully discarded, and the cell pellet was washed after suspension in a saline solution (0.9% [wt/vol] NaCl) by centrifugation. The cell pellet was then lyophilized, and the mass was gravimetrically determined.
Purification and analysis of CGP. CGP was isolated from cells of A. calcoaceticus strain ADP1 by the procedure described by Simon (43) . The amino acid constituents of the isolated material were determined by HPLC as described by Frey et al. (14) .
A novel method was developed for routine analysis and fast determination of the CGP content of small fresh or lyophilized samples of A. calcoaceticus strain ADP1. An appropriate amount (1 to 5 mg) of cells was suspended in acetone and vigorously agitated in order to dissolve the cell wall lipids and to increase cell wall and membrane permeability. The cells were then centrifuged and washed two times with 50 mM Tris-HCl buffer (pH 7.5) to remove all soluble proteins and other compounds. To dissolve CGP, the washed cells were then suspended in 0.52 ml of 0.1 M HCl, shaken for 30 min at room temperature, and centrifuged for 10 min at 14,000 ϫ g. Then 500 l of the supernatant was transferred to a clean plastic tube to which 500 l of precipitation buffer (0.1 M Tris-HCl [pH 7.5] brought to pH 12 by addition of 0.1 M NaOH) was added to precipitate the CGP from the supernatant at neutral pH. The mixture was incubated for 10 min on ice to complete CGP precipitation and was then centrifuged at 14,000 ϫ g. The supernatant was discarded, and 500 l of 0.1 M HCl was added to the CGPcontaining pellet to dissolve the CGP again before it was centrifuged for 1 min at 14,000 ϫ g to remove insoluble proteins. The concentration of CGP was measured spectrophotometrically by the method described by Bradford (11) , as modified by Obst et al. (28) .
Preparation of cell extract and assay of cyanophycin synthetase activity. The enzyme activity of cyanophycin synthetase in the soluble cell fraction was assayed by the radiometric method described previously (1) .
Electrophoresis and determination of protein concentrations. SDS-polyacrylamide gel electrophoresis was performed in 11.5% (wt/vol) polyacrylamide gels by using the standard method (22) . Proteins and cyanophycin were stained with Serva Blue R (47) . The concentrations of soluble protein were determined as described by Bradford (11) , while the total protein contents were determined by the method of Schmidt et al. (38) .
Isolation, manipulation, and transfer of DNA. Genomic DNA was isolated from A. calcoaceticus strain ADP1 by the procedure of Rao et al. (33) . Plasmid DNA was isolated from E. coli by alkaline lysis (9) . Restriction enzymes and other DNA-manipulating enzymes were used as described by the manufacturers.
For transformation of E. coli Top10, competent cells were prepared by the CaCl 2 method of Hanahan (17) . Transformation of A. calcoaceticus strain ADP1 was done essentially as described by Palmen et al. (30) . Cells were grown in 100 ml of LB medium at 30°C for 12 h, and 1 ml of this culture was then used to inoculate 24 ml of prewarmed LB medium and incubated for 2 h at 30°C with shaking. For transformation, 500 l of this suspension was incubated with 8 g of linear DNA for 2 h at 30°C, and the cells were then spread on LB agar plates containing 50 g of kanamycin ml
Ϫ1 . Generation of a cphI mutant. A 2,768-bp DNA fragment containing the cphI gene was amplified by PCR from genomic DNA of A. calcoaceticus strain ADP1 by using primers P1 (ATTTTAGATTACGGACACAATGAAG) and P2 (CGA CCTTATTAAATCATGATAATGG) and Platinum Pfx DNA polymerase (Invitrogen). The PCR product was directly ligated into Eco32I-digested pBluescript SK(Ϫ) DNA (Stratagene). A recombinant plasmid (pKOS3) containing the cphI fragment in a colinear orientation with respect to the lacZ promoter was chosen and digested with Eco32I, which resulted in the loss of a 1,440-bp fragment. The digested vector was then ligated with a blunt-end kanamycin resistance cassette. By using primers P1 and P2, a fragment flanked by cphI sequences was amplified from the ligation reaction mixture and directly used to (7). After three washes with PBS, each for 20 min, cells were postfixed in 1% (wt/vol) osmium tetroxide in 0.1 M PBS (pH 7.3) and washed once with PBS for 20 min. Then the water was removed by using a graded water-ethanol series (30, 50, 70, 90 , and 96% and absolute ethanol); each step lasted about 15 min. To obtain thin sections, the samples were embedded in Spurr resin without propylene oxide (46) . Sections that were 70 to 80 nm thick were cut with an ultramicrotome (Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany) by using a diamond knife and were placed on a 200-mesh copper grid. Imaging was performed with an H-500 transmission electron microscope (Hitachi, Tokyo, Japan) in the bright-field mode at an acceleration voltage of 80 kV at room temperature.
RESULTS
Effects of phosphate, sulfate, or ammonium limitation and variation of the initial pH. It was recently shown that A. calcoaceticus strain DSM 587 possesses a gene that codes for a functional active cyanophycin synthetase (CphA Ac ), as revealed by detection of enzyme activity and CGP in the cells of A. calcoaceticus (20) . However, only small amounts of CGP were detected in the cells (the maximum amount was 1.4% [wt/wt] of the total protein), and these small amounts of CGP occurred only if there was phosphate limitation (20) .
This physiological study was aimed at identification of cultivation conditions under which cells of A. calcoaceticus accumulate the maximum possible amounts of CGP. Cultivation experiments were done in Erlenmeyer flasks and by using mineral salts medium in which the concentration of one of the nutrients (PO 4 3Ϫ , NH 4 ϩ , SO 4 2Ϫ ) was varied, while all other constituents of the medium (potassium, magnesium, iron, calcium, trace elements) and of the carbon source (sodium glutamate or sodium gluconate) were kept constant. By varying the concentrations of phosphate (from 42 M to 2.0 mM), sulfate (from 0.01 to 0.25 mM), and ammonium (from 0.1 to 10 mM), maximum amounts of CGP of only 2.2, 0.9, and 0.4% (wt/wt) of the CDM were obtained, respectively ( Fig. 1 ). Although the amounts of CGP were small, phosphate limitation was obviously most suitable for promoting CGP biosynthesis and accumulation. Ammonium limitation gave the lowest CGP contents, as expected, since nitrogen is a major constituent of the CGP molecule. These small amounts of CGP occurred irrespective of whether gluconate or glutamate was used as the carbon source. Therefore, all further cultivation experiments were done under phosphate limitation conditions.
Variation of the initial pH of the basic medium (containing 107 mM sodium glutamate and 42 M Na 2 HPO 4 for phosphate limitation) did not enhance the accumulation of CGP significantly. However, there was a tendency toward increasing CGP contents in the cells if an alkaline initial pH (pH 8 or greater) was used (data not shown).
Effect of temperature. In addition, we varied the incubation temperature between 25 and 40°C. The optimum temperature for growth and CGP accumulation was 30°C. Therefore, all further experiments were done at this temperature.
Effect of oxygen supply and chloramphenicol. To investigate the effect of oxygen supply, cultivation experiments were done in parallel in Erlenmeyer flasks with and without baffles. After 20 and 40 h of cultivation, the CGP contents of cells cultivated in Erlenmeyer flasks equipped with baffles were significantly higher and reached values of 1.6 and 3.4% (wt/wt) of the CDM, respectively, whereas the CGP contents were 25 and 50% lower, respectively, in cells cultivated in flasks without baffles ( Table 2) . Addition of chloramphenicol, an inhibitor of ribosomal protein biosynthesis known to stimulate CGP synthesis (13, 40, 42) , had no significant effect on the CGP content of the cells after 20 h of cultivation. Only in cells cultivated for 40 h in Erlenmeyer flasks without baffles was a markedly higher CGP content measured in the presence of chloramphenicol ( Table 2) .
Variation of the nitrogen-to-carbon ratio. Varying the nitrogen-to-carbon ratio in MSM by using sodium glutamate and ammonium sulfate as the carbon and nitrogen sources, respectively, and varying the absolute amounts of these two nutrients Effects of aspartate and arginine. Since CGP consists of about equimolar amounts of aspartate and arginine, the effects of these two amino acids on CGP accumulation were also studied. We also studied the effect of glutamate as an alternative carbon and nitrogen source and as a potential alternative constituent of CGP, as reported for a CGP-like polymer isolated from Synechocystis sp. strain PCC 6308 (26) under phosphate-limiting conditions. Aspartate (10 mM) and arginine (10 mM) were added either alone or together or in combination with 10 mM glutamate, ammonium sulfate was omitted, and phosphate was used at a concentration of 42 M. Addition of arginine had a substantial positive effect on accumulation of CGP. Cells which were cultivated in the presence of 10 mM arginine as the sole nitrogen source accumulated CGP at levels up to 15% (wt/wt) of the CDM (Table 4 ). In contrast, aspartate had almost no effect. Moreover, aspartate and particularly glutamate prevented the positive effect of arginine almost completely (Table 4 ). The inhibitory effect of aspartate could not be overcome by using Erlenmeyer flasks equipped with baffles to provide a better oxygen supply.
Subsequently, the positive effect of arginine on CGP accumulation was studied in more detail by increasing the concentration of arginine and varying the concentration of aspartate (Table 5 ). With 15 and 30 mM arginine added and in the absence of aspartate, the cells accumulated CGP at levels that were about 23 or 28% of the CDM, respectively. Furthermore, the strong inhibitory effect of aspartate on CGP accumulation occurred at either of the concentrations used (10 and 20 mM). The effect of arginine on CGP accumulation was then also studied in dependency on the concentration of ammonium sulfate by varying the concentrations of arginine and ammonium sulfate in the medium from 30 to 70 mM and from 10 to 50 mM, respectively (Fig. 2) . As shown by a three-dimensional a Cells of A. calcoaceticus strain ADP1 were cultivated for 44 h at 30°C in 250-ml Erlenmeyer flasks without baffles containing 100 ml of unbuffered MSM with an initial pH of 7.3 as described for the basic medium in Materials and Methods except that sodium glutamate and ammonium sulfate were omitted as the carbon and nitrogen sources respectively. At the end of the experiment, the cells were harvested by centrifugation, and the cyanophycin content was analyzed. The data are the means and standard deviations of three independent experiments.
b Sodium aspartate (10 mM), arginine (10 mM), and sodium glutamate (10 mM) were added alone or in combination to the medium as carbon and nitrogen sources.
c This test was performed in flasks equipped with baffles. (Fig. 2) , a high ratio of arginine to ammonium sulfate resulted in a high CGP content, and with 75 mM arginine and 10 mM ammonium sulfate in the medium, a CGP content as high as 41% (wt/wt) of the CDM was obtained. Construction of a mutant defective in a putative cyanophycinase gene. As in cyanobacteria, the cyanophycin synthetase gene (cphA) of A. calcoaceticus strain ADP1 is clustered with a putative intracellular cyanophycinase gene (cphI). In cyanobacteria, the cyanophycinases are responsible for mobilization of the storage polymer (24, 31, 34) . However, in contrast to cyanobacteria, cphI is located downstream and not upstream of cphA. Another peculiarity of cphI is that its putative translational product resembles a fusion protein consisting of two cyanobacterial cyanophycinases fused with a hypothetical SerGlu-His catalytic triad in the N-terminal region. The putative protein is therefore much larger (80 kDa) than cyanobacterial cyanophycinases (about 27 to 30 kDa). cphI is the only gene in the genome of A. calcoaceticus strain ADP1 encoding a protein homologous to cyanophycinase. It was therefore expected that this protein is the only enzyme capable of catalyzing the degradation of CGP in this bacterium and that disruption of the gene could further improve CGP accumulation. We therefore generated a cphI mutant by insertion of a kanamycin resistance cassette as described in Materials and Methods. Disruption of cphI by this cassette, resulting in cphI::⍀Km, was confirmed by PCR as described in Materials and Methods. This mutant was therefore included in the following physiological experiments aimed at increasing the CGP content further.
Effect of chloramphenicol and comparison of the wild type with the cphI mutant with regard to CGP accumulation. During cultivation in optimized MSM (with 75 mM arginine as the carbon source and 10 mM ammonium sulfate as the nitrogen source), the cphI mutant reproducibly produced significantly less CGP than the wild type produced during 48 h of cultivation (Table 6 ). Whereas CGP in the wild type accounted for about 38% of the CDM, in the mutant CGP accounted for only about 14% of the CDM (i.e., the CGP content was only about 37% of the CGP content of the wild type). In parallel, chloramphenicol was applied under the optimized conditions. Its addition at a concentration of 2.5 mg/liter increased the CGP content in wild-type cells by about 18%, resulting in a CGP content of about 46% (wt/wt) of the CDM (Table 6 ). The CGP content of the cphI mutant was also slightly increased to 15.5% (wt/wt) of the CDM. However, in comparison to the wild type, the CGP content remained rather low and was only about 35% of the CGP content of the wild type ( Table 6 ). The CGP productivities of the wild type and the mutant (expressed in grams per liter) were also compared. Cells of the wild type produced about 8 and 28 times more CGP than the mutant produced in the absence and in the presence of chloramphenicol, respectively (Table 6) .
To further reveal the phenotype of the cphI mutant, cells of the wild type and of the mutant were cultivated for 4 days under the conditions optimized for CGP accumulation, and the growth and CGP contents of the cells were monitored. The CGP content of cells of the wild type increased over 2 days of incubation, when it accounted for 40% (wt/wt) of the CDM, equivalent to 0.25 g liter of culture Ϫ1 . Thereafter, the CGP content of the culture decreased steadily until the fourth day (Table 7) , clearly indicating that degradation of CGP occurred. The cphI mutant, in contrast, continued to accumulate CGP at a low rate during the entire 4-day period. On the fourth day, the mutant cells and the wild-type cells had about the same CGP content.
Although it was rather unlikely that insertion of the kanamycin resistance cassette had a polar effect on expression of FIG. 2. Three-dimensional graph illustrating the effects of arginine and ammonium sulfate on cyanophycin accumulation. Cells of A. calcoaceticus strain ADP1 were cultivated for 44 h at 30°C in 250-ml Erlenmeyer flasks without baffles containing 100 ml of unbuffered MSM containing no sodium glutamate but different concentrations of ammonium sulfate (10 to 50 mM) as the nitrogen source. In addition, arginine was added at concentrations of 30 to 75 mM. All other medium constituents used were as described for the basic medium in Materials and Method. At the end of the experiment the cells were harvested by centrifugation, and the cyanophycin content was analyzed. A. calcoaceticus ADP1 
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a Cells of A. calcoaceticus strain ADP1 and of the ⌬cphI mutant were cultivated at 30°C in 250-ml Erlenmeyer flasks without baffles containing 100 ml of unbuffered MSM containing 10 mM ammonium sulfate as the nitrogen source; the initial pH was 7.3. In addition, the medium contained 75 mM arginine. At the end of the experiment the cells were harvested by centrifugation, and the cyanophycin content was analyzed. The data are means and standard deviations of three independent experiments.
b Chloramphenicol (2.5 g/ml) was added after 24 h of cultivation, and cultivation was then continued for a further 24 h.
c For the cphI mutant, the medium also contained 50 g of kanamycin per ml.
cphA due to the position of cphI in relation to cphA, the activities of the cyanophycin synthetase were measured in the wild type and in the mutant. Cells of both strains exhibited very high specific activities of this enzyme. The specific activity of cyanophycin synthetase was only slightly less in the mutant (18.8 U per mg of protein), in which CGP accounted for 14.3% (wt/wt) of the CDM, than in the wild type (23.3 U per mg of protein), in which the polymer accounted for 38.0% (wt/wt) of the CDM, when the organisms were cultivated in MSM containing arginine. Analysis of CGP. The CGP synthesized by A. calcoaceticus strain ADP1 grown for 44 h under optimized conditions (75 mM arginine and 10 mM ammonium sulfate) was isolated from cells that contained CGP at a level of 40% (wt/wt) of the CDM, and its composition and molecular weight were analyzed. HPLC analysis revealed almost equimolar amounts of aspartate and arginine; lysine or other amino acids could not be detected. SDS-polyacrylamide gel electrophoresis showed that the apparent molecular masses of CGP molecules were in the range from about 21 to 29 kDa.
Electron microscopic studies of CGP-rich cells. Cells of A. calcoaceticus strain ADP1 grown under optimized conditions (CGP content, 40% [wt/wt] of the CDM) were investigated by phase-contrast light microscopy (Fig. 3A) . Most cells contained large refractile granules, and some cells were strongly deformed by the large granules in the cells. Transmission electron micrographs of thin sections of the cells (Fig. 3B to E) gave a more detailed view of the cells and the granules. These micrographs revealed that in many cells there were only single large CGP granules, some of which occupied the entire cytoplasm ( Fig. 3B and C) . Interestingly, some of the granules that had not yet occupied the entire cytoplasm had an irregular surface ( Fig. 3C to E) . Other cells contained very small granules near the poles of the cells, and very few cells showed no sign of CGP accumulation.
An acid extraction method recently developed to isolate CGP from cells of E. coli without mechanical disruption (14) showed high efficiency with regard to CGP extraction when it was applied to cells of A. calcoaceticus. About 99% of the CGP could be extracted in a single step, as revealed by gravimetric and chemical analysis of the extracted polymer. Nearly complete extraction of the polymer with apparently intact cells remaining was also illustrated by electron micrographs of thin sections of these cells (Fig. 3F and G) .
DISCUSSION
It was only recently reported that noncyanobacterial genome sequences harbor genes encoding proteins homologous to cyanophycin synthetases and cyanophycinases (20, 49) . A. calcoaceticus was one of these bacteria and also was the first bacterium not belonging to the cyanobacteria in which the presence of CGP could be demonstrated (20) . In this study, we investigated the ability of A. calcoaceticus strain ADP1 to accumulate larger amounts of CGP. Our analysis included varying the cultivation conditions and targeted mutagenesis. We demonstrated that A. calcoaceticus strain ADP1 is capable of accumulating CGP at levels up to 46% of the cell dry matter. This was more than the level in any cyanobacterium or recombinant strain harboring cphA. In recombinant P. putida KT2440, C. glutamicum, and R. eutropha HF39 harboring cphA from Synechocystis sp. strain PCC6803 CGP contents of 11, 3.6, and 7.0% of the CDM, respectively, were measured (3). Furthermore, a costly medium was used to produce CGP at a level of 24% of the CDM by using E. coli DH1 expressing cphA from Synechocystis sp. strain PCC 6803 (14) . With the highest cellular CGP content ever reported, A. calcoaceticus strain ADP1 is a good candidate for production of CGP at a large scale in industry. Another peculiarity of A. calcoaceticus with regard to CGP biosynthesis is the restricted substrate specificity of its cyanophycin synthetase, which allows production of CGP consisting of only aspartic acid and arginine and not containing lysine, thus confirming in vitro studies recently performed with the purified enzyme (21) . In contrast, cyanobacterial cyanophycin synthetases generally seem to incorporate significant amounts of lysine in place of arginine in vitro and in vivo when they are expressed heterologously. In recombinant strains a significant fraction of arginine is replaced by lysine (up to 10 mol%), yielding a CGP-like biopolymer consisting of aspartic acid, arginine, and lysine (2, 14, 20, 29, 48) .
So far, one disadvantage of A. calcoaceticus strain ADP1 is its inability to synthesize these large amounts of CGP without supplementation of the medium with arginine. All initial experiments to increase the CGP contents of A. calcoaceticus cells by varying the cultivation conditions, such as temperature and oxygen supply, by varying the concentrations of medium components, such as phosphate, ammonium, or sulfate, by varying the pH, or by adding chloramphenicol as an inhibitor of ribosomal protein biosynthesis failed to result in CGP contents greater than 3% (wt/wt) of the CDM. While the relatively small changes in CGP contents in A. calcoaceticus cells obtained in this study by the variations mentioned above may not seem interesting from a biotechnological perspective, they revealed aspects of the regulation of CphA in A. calcoaceticus ADP1 that could be employed to enhance productivity. The results clearly indicated the need to uncouple cphA expression from nutrient starvation to achieve high cyanophycin synthetase activity at high cell densities. Physiological studies on the occurrence and regulation of cyanophycin synthesis and accumulation were performed in much more detail with cyanobacteria, particularly nitrogen-fixing species (12, 15, 24, 32, 40, 45) . However, in these bacteria the situation is very differ- 
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a Cells of A. calcoaceticus strain ADP1 and of the ⌬cphI mutant were cultivated for 96 h at 30°C in 250-ml Erlenmeyer flasks without baffles containing 100 ml of unbuffered MSM with 10 mM ammonium sulfate as the nitrogen source. In addition, 75 mM arginine was added. The initial pH of the medium was 7.3. After 24, 48, 72, and 96 h of cultivation aliquots of the cells were harvested by centrifugation, and the cyanophycin content was analyzed by determining the amount of cyanophycin isolated by the acid extraction method. The data are means and standard deviations of three independent experiments.
FIG. 3. Microscopic inspection of cells of A. calcoaceticus. Cells of
A. calcoaceticus were cultivated for 44 h at 30°C in MSM containing 75 mM arginine and 10 mM ammonium sulfate. After this, the cells were harvested and examined by phase-contrast light microscopy (A) or were fixed and examined by electron microscopy as described in Materials and Methods (B to E). Two samples were subjected to acid extraction before they were fixed and examined by electron microscopy (F and G). Bars ϭ 1 M. (4, 6, 20) because then the nitrogen for CGP would also be missing. The only conditions under which significantly larger amounts of CGP were accumulated was addition of arginine as a carbon source at relatively high concentrations (75 mM). Addition of arginine and aspartic acid to mineral salts media or the use of complex media, such as Luria-Bertani broth or nutrient broth, also increased the CGP contents of recombinant strains of E. coli (14) , P. putida KT2440 (3), and R. eutropha (3) harboring one of the various cloned cyanobacterial cyanophycin synthetase genes; however, the maximum CGP contents of the cells were much lower (11, 7 , and 24%, respectively) than the maximum CGP content obtained with A. calcoaceticus strain ADP1 in this study (46%). In summary, the optimal conditions for CGP accumulation in A. calcoaceticus strain ADP1 were as follows: 75 mM arginine as a carbon source, 10 mM ammonium sulfate as a nitrogen source, phosphate limitation of growth, and addition of chloramphenicol. Free arginine must be supplied in the medium. Addition of complex nitrogen sources did not significantly promote CGP accumulation. One reason for this may be that this strain is not capable of utilizing the complex nitrogen sources for CGP biosynthesis; another reason may be the insufficiently high arginine contents of the complex nitrogen sources, considering that arginine had to be supplied at a concentration of 75 mM for optimal CGP production. One further explanation may be the presence of aspartic and glutamic acids in complex nitrogen sources, since both of these acids have a severe negative effect on CGP accumulation in A. calcoaceticus. The suppression of CGP synthesis by aspartic acid or glutamic acid was profound and cannot be explained so far.
One of the most striking results of this study besides the accumulation of CGP at levels up to 46% of the CDM in A. calcoaceticus strain ADP1 was the significantly lower rate of CGP accumulation in the cphI mutant (Table 7) . Since cyanophycin synthetase exhibited similar high specific activities in the wild type and in the mutant, the possibility of a polar effect caused by insertion of the kanamycin resistance gene cassette into cphI on expression of cphA can be excluded. It was demonstrated that mobilization of CGP occurs in the wild type but not in the mutant (Table 7) . Therefore, and since no other gene coding for a putative cyanophycinase gene could be identified in the genome of this bacterium, it is most likely that the cphI translational product is responsible for intracellular CGP degradation. Therefore, it may be speculated that this cyanophycinase has a second function besides the mobilization of CGP. This could be the generation of primers for CGP synthesis (24) . If CGP is partially hydrolyzed during the initial phase of CGP accumulation, then the number of CGP primers should increase. Several studies have shown that the activities of all cyanophycin synthetases investigated, including the enzyme of A. calcoaceticus, strictly depend on the presence of a CGP primer (2, 8, 20, 24, 43, 48) . If this hypothesis for a dual function of CphI is true, disruption of the cphI gene should result in a lower CGP synthesis rate, and it would also explain the lower CGP content of the mutant cells than of the wildtype cells.
The molecular mass of the CGP produced by A. calcoaceticus ADP1 under optimized conditions was in the same range (21 to 29 kDa, with an average molecular mass of about 25 kDa) as the molecular mass obtained previously without optimization (18) . Biosynthesis of such a low-molecular-mass CGP by a natural strain is another peculiarity of A. calcoaceticus, because the molecular mass range for CGP accumulated by cyanobacteria generally is 30 to 100 kDa and the average molecular mass is about 60 kDa (41) . Low-molecular-mass CGP (range, 25 to 35 kDa) is otherwise synthesized only by recombinant bacteria expressing cyanobacterial cyanophycin synthetases, but the average molecular mass is slightly higher, about 30 kDa. A water-soluble CGP-like polymer produced by a recombinant strain of E. coli expressing the cyanophycin synthetase of D. hafniense (49) showed a heterogeneous distribution of molecular masses; SDS-polyacrylamide gel electrophoresis revealed two bands representing CGP molecules, one at molecular masses ranging from 22 to 26 kDa and a second at molecular masses ranging from 30 to 35 kDa.
In conclusion, we found that A. calcoaceticus has a high capacity for CGP synthesis and accumulation. Provision of arginine to the cyanophycin synthetase is the most limiting bottleneck for CGP production if this amino acid must be synthesized de novo and is not provided externally. Therefore, for further optimization of CGP synthesis by A. calcoaceticus workers must focus on overcoming this bottleneck, preferably by metabolic engineering of the arginine biosynthesis pathway and its regulation.
